Abstract: Gamma-TiAl alloys are potential replacements for nickel alloys and conventional titanium alloys in the cooler sections of turbine engines, as well as in orbital platform vehicles. The combination of high specific stiffness and good oxidation resistance at intermediate temperatures can provide significant weight savings. However, they have a limited plasticity at room temperature and the tendency to brittle fracture. Powder metallurgy is a near net shape process that allows the parts production with complex geometry at low costs. An improved plasticity of the Ti-Al alloys is received by adding alloying elements and by microstructure modification. An alloy of two-phase structure Ti-48Al-2Cr-2Nb (at.%) was investigated using the blended elemental technique. Samples were produced by mixing of initial metallic powders followed by uniaxial and cold isostatic pressing with subsequent densification by sintering at 1500 °C, in vacuum. It was shown that the samples presented a two-phase structure consisting of lamellar colonies of alternating layers of gamma and α 2 phase.
Introduction
Titanium aluminide-based intermetallic compounds have a variety of interesting properties such as low density, high specific strength and substantial mechanical strength at high temperatures and good creep resistance. These properties become Ti-Al alloys for high-temperature applications as potential replacements for superalloys. However, they have a limited plasticity at room temperature and the tendency to brittle fracture. An improved plasticity of the two-phase (γ+α 2 ) alloys is received by adding alloying elements and by microstructure modification. The basic way of forming the microstructure is heat treatment and thermomechanical working [1] .
After an intensive research period of about 15 years, several γ-TiAl alloys have been successfully developed [2] [3] . For successful commercialization more emphasis is to be put on the processing of the existing alloys in order to promote the production of structural components economically and competitively to other materials. The use of γ-TiAl alloys is mainly restricted to elevated temperature applications in air propulsion systems, e.g. blades, vanes and disks in the low and high pressure compressor stages of gas turbines. γ-TiAl alloys provide a high specific strength, a high specific Young's modulus and creep and oxidation resistance up to temperatures of 700 °C. The strength retention with temperature outperforms that of conventional titanium alloys. The high specific strength of γ-TiAl alloys accounts for their potential to partly replace heavy Nickel superalloys in the hot sections of the gas turbine compressor [3] .
The processing of γ-TiAl alloys by powder metallurgy can offer several advantages with respect to the ingot route [4] . Because of the double peritectic reaction in case of the advanced γ-TiAl alloys with Al-additions of 44-49at.% a slow solidification, like that in a cast ingot, always results in severe macrosegregations and corresponding inhomogeneous microstructures [5] .
Besides that, cast γ-TiAl alloys show a coarse microstructure, which has to be refined by subsequent processing steps. With P/M processing of γ-TiAl alloys very fine and chemically homogeneous microstructures can be achieved in a single process involving compaction and sintering. Several projects have been conducted using PM processed γ-TiAl alloys, e.g. a feasibility study for the manufacturing of hollow turbine blades using sheet material. An advanced sheetrolling route has been developed to roll sheets with a thickness down to 1 mm. The prematerial for the sheet was initially HIP-consolidated alloy powder [1] .
Experimental
An alloy of two-phase structure, with the nominal chemical composition (at.%) Ti-48Al-2Cr-2Nb, was investigated. The blended elemental method followed by a sequence of uniaxial and cold isostatic pressing with subsequent densification by sintering was used for the samples preparation.
Titanium powder was obtained by the hydriding technique carried out at 500 °C, for 3 hours, under a positive pressure. After cooling to room temperature, the friable hydride was milled in a titanium container under vacuum (10 -2 Torr). Nb powder was obtained using the same route, however, hydriding temperature was significantly higher (800 °C). Aluminum powder obtained by helium-gas atomization was supplied by Valimet Inc. Chromium powder was supplied by Alpha Aesar. Table 1 shows the main characteristics of The starting powders were weighed (5 grams), for each sample, and blended for 15 minutes in a double-cone mixer. After blending, powders were cold uniaxially pressed (80 MPa), in cylindrical 15 mm dia.-dies. Afterwards, samples were encapsulated under vacuum in flexible rubber molds and cold isostatically pressed (CIP) at 300 MPa during 30 s in an isostatic press. Sintering was carried in two steps. The first step consisted by the sintering of elemental powders in stoichiometric composition carried out at 1300 °C, in argon atmosphere. After that, the brittle sample obtained is milled for 20 minutes. The powders after milling were cold and isostatically pressed, in the former conditions described, with subsequent sintering at 1100, 1300 and 1500°C, with heating rates of 20 °C/min, inside a titanium crucible, in high vacuum condition (10 -7 Torr), using a Thermal Technology Inc furnace. After reaching the nominal temperature, samples were hold at the chosen temperature for 2 h and then furnace cooled to room temperature. Metallographic preparation was carried out using conventional techniques. Specimens were etched with a Kroll solution: (3mL HF: 6mL HNO 3 : 100 mL H 2 O) to reveal its microstructure. Microhardness measurements were carried out in a Micromet 2004 equipment, Buehler, with load of 0.2 kgf. The micrographs were obtained using a SEM LEO model 435 VPi. The density of the sintered samples was determined by the Archimedes method.
Results and Discussion
The samples presented high densification, varying from about 70% of the theoretical specific mass, after cold isostatic pressing and, between 80-90%, after sintering, with homogeneous microstructure. The samples present a high volume fraction of coarse spherical pores.
Due to the presence of the high liquid phase content from the large difference between Ti and Al melting points a swelling behavior is commonly observed in the sintering of Ti-Al alloys [6] . Aiming a optimized final densification a two-step sintering was carried out.
Very brittle samples with high porosity are obtained after the first sintering as expected, Fig.1a . X-ray diffraction analysis revealed peaks of the intermetallics γ-TiAl and α 2 -Ti 3 Al and titanium hydride (Fig.1b) . Since the sintering was carried out in an argon atmosphere the presence of titanium hydride was expected. The residual hydrogen was eliminated after the subsequent sintering in vacuum. The final sintering of the Ti-48Al-2Cr-2Nb alloy indicates a two-phase lamellar microstructure homogenization with the increase of the sintering temperature. This microstructure is consisted by regions of alternately arranged α 2 and γ phase lamellae as well as of regions free of a lamellar structure or in a form of thick lamellae. A complete lamellar microstructure is observed only in samples sintered at 1500 °C, Fig 2a. Microanalytic study (EDS) has shown that the regions free of lamellar microstructure or those in the form of thick lamellae have an increased Al content (above 45 at.%) (Fig. 2b) , which shows that it is the γ-TiAl phase. The Al content in the regions consisting of fine lamellae is lower than its average content in the alloy (Fig. 2c) . Therefore, the lamellar regions consists of intercalate α 2 -Ti 3 Al lamellae poor in Al (with composition close to 56,89Ti-38.8Al-1.74%Cr-2.55Nb) and γ-TiAl with composition (% at.) close to 49.32Ti-46.71Al-1.28Cr-2.68Nb. These phases composition are near for the Ti-48Al-2Cr-2Nb alloy standards [7] . Fig. 3 presents the microstrutural evolution of the samples after sintering with nominal composition Ti-48Al-2Cr-2Nb alloy at 110, 1300 and 1500 °C. For specimens sintered at 900 °C, the microstructure consists of angular titanium intermetallic particles (gray contrast) resembling their original morphology and niobium particles (brighter ones). Similar behavior has been also observed during heating of Ti-6Al-4V BE compacts. At this temperature, the dissolution of niobium particles becomes evident. The former angular-shaped niobium particles become rounded and have their size decreased with time. The boundaries between the angular Ti and intermetallic particles become diffuse at this temperature.
Microstructural evolution
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Advanced Powder Technology V At 1300 °C, the first two-phase areas resembling a two-phase lamellar microstructure become distinguishable. These areas consist of intercalate fine α 2 -Ti 3 Al lamellae, poor in Al and thick γ-TiAl lamellae, Al rich. The dissolution of niobium particles is very fast. The larger niobium particles present in the initial powder size distribution are found almost dissolved in the core of the two-phase lamellar microstructure. The most noticeable microstructural features are the spreading of the alternately arranged α 2 and γ phase lamellae and the chemical homogenization of the alloy.
A totally homogeneous structure is only obtained after the complete dissolution of all elemental powders particles and homogenization of the intermetallics phases at 1500 °C. A completely two-phase lamellar microstructure (γ-TiAl + α 2 -Ti 3 Al ) is obtained and the chemical composition is reasonably homogeneous throughout the microstructure (at SEM resolution level). It does not exclude the possibility of very fine particles in the nm-range coexist in the microstructure. A few remaining pores are still found and density above 85% is observed for specimens sintered in temperatures above 1500 °C. The EDS analyses in the γ and α 2 intermetallic phases were performed in regions larger than 1 mm in width to avoid matrix interference. The volume fraction of α 2 phase measured in this alloy is about 35%. The best properties of the γ-TiAl alloys are reported when α 2 phase volume fraction is 5-20% [8] . The microstructure changes after annealing at different temperatures and this heat treatment is required to obtain the optimized microstructure. The hardness values grow with the microstrutural evolution of the alloy, from 70 HV for samples sintered at 900 °C up to 280 HV at 1500 °C. X-ray diffraction analysis in the Ti-48Al-
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Advanced Powder Technology V 2Cr-2Nb sample after the final sintering at 1500°C revealed only peaks correspondents of γ-TiAl and α 2 -Ti 3 Al intermetallic phases, not being identified peaks related to the hydrides or oxides (Fig.  4) . 
CONCLUSIONS
The work demonstrates that is possible the production of titanium aluminide-based intermetallic compounds by powder metallurgy. The alloy processing with sintering in two steps is a viable route for the swelling prevent in the final samples. Though the samples display a high volume fraction of coarse spherical pores, a densification above 85% is obtained in samples sintered at 1500°C. Therefore, hot pressing process must be investigated aiming a maximum densification (above 95%).The microstructural evolution indicates that the first two-phase areas resembling a two-phase lamellar microstructure become distinguishable at 1300 °C. A completely two-phase lamellar microstructure (γ-TiAl + α 2 -Ti 3 Al) is only obtained after the complete dissolution of all elemental powders particles (mainly Nb) and homogenization of the intermetallics phases at 1500°C. The chemical composition is reasonably homogeneous throughout the microstructure. The volume fraction of α 2 phase is about 35% in specimens sintered at 1500 °C. The compositions (%at.) of α 2 and y phases are 56,89Ti-38.8Al-1.74Cr-2.55Nb (in at.%) and 49.32Ti-46.71Al-1.28%Cr-2.68Nb (in wt.%), respectively. A heat treatment (annealing) is required to obtain an optimized microstructure.
